A new batch calorimeter was used to study the aerobic growth of Escherichia coli in a minimal medium containing a growth-limiting concentration of succinic acid. The shape of the thermograms obtained was simple when the energy source was the only growth-limiting factor and showed a stationary phase when the oxygen transfer was limiting. The experimentally determined value of the heat production during growth was found to be significantly lower than the heat of combustion of the succinic acid corrected for the assimilated-substrate fraction. An interpretation has been given to explain the difference between the experimental and the theoretical values.
Most microbial growth studies using microcalorimetry are done under anaerobiosis conditions because of the difficulty in thoroughly aerating the batch calorimeter culture (2-4, 7, 12) . The techniques described in 1963 for aerobic growth studies cannot be applied when high concentrations of substrates are used.
Since the advent of the flow microcalorimeter, many studies have been reported, and some of them concern aerobic growth (1, 5, 6, 11, 14, 15) . However, they have been mainly qualitative, and only a few investigations have been made to determine the cause of heat profiles in relation to the underlying metabolic reactions (6, 15) .
Recently a batch calorimeter was devised which allows growth studies in a heterogeneous medium.
The purpose of this paper is to quantify, from a thernochemical point of view, Escherichia coli growth processes under aerobic conditions. Succinic acid was used as the sole energy and carbon source in the minimal medium at growthlimiting concentrations.
MATERIALS AND METHODS
Bacterial strain. The culture used was Escherichia coli K-12 322, whose microcalorimetric anaerobic growth has already been reported (3, 4 At the end of the growth in the calorimetric vessel, the culture was centrifuged, and the supernatant was analyzed by gas chromatography using a Girdel 30 gas chromatograph equipped with a hydrogen flame ionization detector and with temperature programming. The titration was done using a Chromosorb 101 column.
RESULTS
Thermogram 1 ( Fig. 1) ferent.The lag-phase increase in heat effect and the maximum power remained at the same level. The increase in heat effect was accompanied by exponential growth, and further growth occurred during the stationary phase. In this case, the molar growth yield obtained (33.6g g/mol) was in good agreement with the molar growth yield established for well-aerated culture. The total heat evolved during the thermogram record agrees with the amount of succinic acid added to the culture medium. So, the stationary phase shown in Fig. 2 (marked above the thermogram as A to B) can be attributed to an exponential growth-limiting oxygen transfer.
The kinetics of heat evolution (Fig. 3) were obtained by graphical integration of the thermogram shown in Fig. 1 . This figure shows the same shape as the kinetics of increase in biomass determined by conventional turbidimetry (not shown).
The exponential growth rates for the calorimetric and the biophotometric records were 0.493 h'1 and 0.382 h-1, respectively. The difference between these two data lets us emphasize that the growth in the calorimetric vessel was better aerated than that in the biophotometric vessel.
The final bacterial densities obtained with growth performed in the calorimetric vessel were similar to those obtained in the biophotometric vessel. The data fall into the same straight line (Fig. 4) . The correlation coefficient corresponding to the straight line obtained with 10 measurements was 0.988. The molecular growth yields obtained from calorimetric and biophotometric experiments are in good agreement, i.e., 37.5 ± 4.8 and 37.7 ± 3 g/mol. These data have been calculated with a confidence level of 0.95.
The heat quantities evolved during growth were proportional to the amount of succinic acid metabolized (Fig. 5) .
The experimental enthalpy change calculated from nine experiments according to the least- (2) In this relation, 3.15 mW was the maximum power evolved by the culture.
The maximum rate of oxygen transfer can be expressed as 0.61 ml/h for the entire calorimetric cell. For 1 cm2 of area, corresponding to 0.38 ml of culture medium, this value becomes 0.046 ml of oxygen molecule per h per cm2 or 0.12 ml of pure oxygen per h for 1 ml of culture medium. These results were obtained even when the oxygen fluxing was equal to 12 ml/h, that is, about 20 times higher. From the molar succinic acid growth yield (Y8 = 37.5 g/mol) and equation 1 it could be inferred that the growth yield per oxygen atom (Y°) was 10.6 g (dry weight) of bacteria. This value agrees very well with the results published for Aerobacter aerogenes (9) growing on minimal medium supplemented with succinic acid (Y°= 10). (7) and for Saccharomyces cerevisiae (12) . Under aerobic conditions the molar growth yield is larger, and amounts as high as 50% of the energy source carbon content can be incorporated into cellular material (8) .
DISCUSSION
In the case reported here, 41.5% of the succinic acid carbon is recovered as cellular carbon. Equation 1 shows that when one molecule of succinic acid is metabolized, only 58.5% is fully oxidized and 41.5% is changed into cellular material. The heat quantity corresponding to the catabolic reaction and corrected for the part of succinic acid reduced is -1,510.9 x 0.58 = -876.32 kJ/mol. A difference still remains between this last value and the experimentally observed data, i.e., -876.32 -(-739.4) = -136.96 kJ/mol. This difference is significant and cannot be assigned to some error of measurement. Therefore it must be attributed to the enthalpy changes corresponding to the reaction of biosynthesis.
